Introduction
============

Glioma is the most common and lethal malignant brain tumor.[@b1-ijn-12-3899] The GBM patients usually live for only 12--15 months after diagnosis due to lack of effective treatment.[@b2-ijn-12-3899] Surgical resection is the most effective therapy for glioma patients, and maximum safe resection is crucial to improve the prognosis of patients with low- or high-grade gliomas.[@b3-ijn-12-3899]--[@b6-ijn-12-3899] However, balancing maximum cytoreduction with preservation of normal brain tissue is complicated due to the infiltrative nature of the tumors. Over 90% of recurrent tumors develop within a 2--3 cm margin of the primary site and are thought to arise from microscopic glioma cells that infiltrate the area surrounding the original tumor.[@b7-ijn-12-3899] The extent of resection has been proven to be one of the most important predictors of OS, PFS, and neurological outcome.[@b8-ijn-12-3899]--[@b10-ijn-12-3899] Thus, maximum safe resection becomes tremendously important. Therefore, a technique that can delineate the boundary of tumors to realize maximum safe resection and protect the normal brain tissues is urgently needed. It has been proved that intraoperative fluorescein used to guide the surgical resection can improve the OS and PFS of patients.[@b11-ijn-12-3899] Although literature reports the use of fluorescence, such as 5-aminolevulinate acid, sodium fluorescein, and so on, in guiding the resection of gliomas, defects such as low quantum fluorescence yield and low photostability limit their clinical application.[@b12-ijn-12-3899],[@b13-ijn-12-3899]

Nanotechnology plays an increasingly important role in clinical application due to its many unique physicochemical properties and great versatility.[@b14-ijn-12-3899] QDs are fluorescent NPs that have many prominent advantages in the fields of bio-imaging for diagnostic and therapeutic applications. Compared with the conventional fluorescent materials, QDs exhibit many excellent advantages, including water solubility, broad absorption with narrow emission spectra, high quantum fluorescence yield, low photobleaching, and chemical stability.[@b15-ijn-12-3899] Troublesomely, because of the release of Cd^2+^ from the CdSe core, QDs are toxic in vivo and vitro. However, when ZnS constitutes the shell of QDs and is coated with PEG, the biocompatibility of QDs is greatly improved.[@b16-ijn-12-3899]--[@b18-ijn-12-3899] Moreover, coating the NPs with PEG enable them to avoid clearance by reticuloendothelial system and plasma protein adsorption, and thus prolong the blood circulation of NPs in the body, and finally raise their probability of reaching their target tissue.[@b19-ijn-12-3899]--[@b21-ijn-12-3899]

Gliomas always generate genetic rearrangements and mutations.[@b22-ijn-12-3899] Comprehensive genomic analysis of GBM has identified that the amplification of EGFR gene is the most frequent genetic alteration associated with GBM.[@b23-ijn-12-3899] Moreover, EGFR gene amplifications always couple with gene rearrangements. The most common alteration is seen in EGFRvIII which has a truncated extracellular domain with ligand-independent constitutive activity, resulting in enhancing the proliferation, invasion,[@b24-ijn-12-3899]--[@b26-ijn-12-3899] radiation resistance,[@b27-ijn-12-3899] and chemotherapy resistance[@b22-ijn-12-3899],[@b28-ijn-12-3899] of glioma while leading to poor prognosis.[@b29-ijn-12-3899] Unlike EGFR, EGFRvIII has not been detected in normal tissues, but has been identified in tumors.[@b30-ijn-12-3899]--[@b32-ijn-12-3899]

In recent years, aptamers have been developed as a novel recognition probes constituted with uniquely folded short RNA or ssDNA oligonucleotides which can bind to the targets with high specificity and affinity.[@b33-ijn-12-3899] In addition, compared with antibodies or polypeptides, aptamers have many advantages including lower immunogenicity, thermal stability, ease of modification, higher specificity, smaller size, lower production cost, and no toxicity.[@b34-ijn-12-3899],[@b35-ijn-12-3899] Compared with RNA aptamers, DNA aptamers are more stable and cheaper to synthesize. A32 (DNA), which specially binds to EGFRvIII protein, was first discovered by Tan et al[@b36-ijn-12-3899] and then used to conjugate small interfering RNA and deliver it into U87-EGFRvIII cells.[@b37-ijn-12-3899]

To overcome the disadvantages of conventional fluorophores and implement the maximum safe resection, this study engineered a nanoprobe, biotin-aptamer-conjugated streptavidin-PEG-CdSe/ZnS QDs (QD-Apt), for preoperative diagnosis, intraoperative resection, and postoperative examination of glioma. We synthesized and thoroughly characterized the QD-Apt. Furthermore, the nanoprobe was used to label the cell lines and the human brain glioma tissues in vitro. Moreover, orthotopic glioma model in mice was used to verify if the nanoprobe can traverse BBB and specially target the tumor expressing EGFRvIII.

Materials and methods
=====================

Reagents
--------

U87 and HUVEC cell lines were purchased from Shanghai Life Academy of Sciences Cell Library (Shanghai, People's Republic of China). U87-EGFRvIII, a U87 glioma cell line that overexpresses EGFRvIII, was friendly provided by Prof Haizhong Feng at the Shanghai Jiao Tong University (Shanghai, People's Republic of China). Antibodies against human EGFRvIII were obtained from Biorbyt (Cambridge, UK). Primary antibodies β-actin and GFAP were purchased from Abcam (Cambridge, UK). Horseradish peroxidase-conjugated or fluorescence-conjugated secondary antibodies and DAPI were purchased from Zhongshan Golden Bridge Biotechnology (Beijing, People's Republic of China). Streptavidin-modified PEG-QDs solution (SA-QDs, *λ*~em~ =605±5 nm) was purchased from Wuhan Jiayuan Quantum Dots Co., Ltd (Wuhan, People's Republic of China). Biotinylated A32,[@b36-ijn-12-3899] with an ssDNA sequence of 5′-biotin-GCAATGGTACGGTACTTCCTGAATGTTGT TTTTTCTCTTTTCTATAGTACAAAAGTGCACGCTAC TTTGCTAA-3′, was synthesized by Sangon Biochemistry Company (Shanghai, People's Republic of China).

EGFRvIII expression in human gliomas
------------------------------------

For this study, 110 de-identified surgical specimens of glioma patients and 10 normal brain tissues were collected from the Second Affiliated Hospital of Chongqing Medical University during January 2008 to April 2015. The collection and the use of the surgical specimens were carried out in accordance with the Institutional Review Board-approved protocols. Moreover, the study was reviewed and approved by the institutional ethics committee at the Second Affiliated Hospital of Chongqing Medical University. All patients signed informed consent to participate in this study and permit the further use of their tumor tissues. The pathological diagnosis and grading were performed according to the World Health Organization classification. IHC was used to detect the expression levels of EGFRvIII in glioma specimens and normal brain tissues.

Characterization of QD-Apt
--------------------------

Biotinylated A32 which specially binds to EGFRvIII was dissolved in tris--ethylenediamine tetraacetic acid buffer and mixed with streptavidin-PEG-CdSe/ZnS QDs (SA-QD) at a concentration ratio of 10:1 and incubated for 24 h at 4°C, and then the aptamer-conjugated PEG-CdSe/ZnS QDs (QD-Apt) was added. The unconjugated aptamer was removed by desalination column (NAP™-5; GE Healthcare, Little Chalfont, UK). The sizes of NPs were analyzed using an NP sizer (Zetasizer Nano ZS; Malvern Instruments Ltd., Malvern, UK). Photoluminescence measurement was performed with a fluorescence analyzer (F-4500; Hitachi, Tokyo, Japan). To validate the connection between aptamer and QDs, QD-Apt nanoprobe solution (10 μL) was injected into the loading hole with SA-QDs (10 μL) in another hole as the control. After electrophoresis for 1 h (10 V/cm), the gel was illuminated with an ultraviolet transilluminator (Bio-Print; Vilber Lourmat) and imaged with Quantity One software.

Cell culture
------------

All cell lines were maintained in a 5% CO~2~ atmosphere at 37°C in Dulbecco's Modified Eagle's Medium High Glucose supplemented with 100 U/mL of penicillin, 100 mg/mL of streptomycin, and 10% fetal bovine serum (Hyclone, Logan, UT, USA).

Western blot
------------

HUVEC, U87, and U87-EGFRvIII cells were lysed with RIPA Lysis Buffer (Beyotime Institute of Biotechnology, Beijing, People's Republic of China) containing 1 mM phenylmethane sulfonyl fluoride. The concentrations of proteins were measured by the bicinchoninic acid method. Then, equivalent amounts of protein were separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes. Thereafter, the membranes were soaked in PBS containing 5% skimmed milk, and then incubated with primary antibodies overnight at 4°C and horseradish peroxidase-labeled secondary antibodies for 1 h at 37°C. Finally, the proteins were visualized with ECL reagent by Quantity One-4.6 software (Bio-Rad, Hercules, CA, USA).

Reverse transcription-polymerase chain reaction
-----------------------------------------------

Total cellular DNA and RNA were extracted using RNAiso Plus (TaKaRa) according to the manufacture's protocol. The concentrations of nucleic acid samples were measured by a spectrophotometric detector. Thereafter, RNA specimens were reverse-transcribed to synthesize cDNA using the Primescript RT Reagent Kit (TaKaRa). The primer sequence of EGFRvIII was forward 5′-CTTCGGGGAGCAGCGATGCGAC-3′ and reverse 5′-ACCAATACCTATTCCGTTACAC-3′, and the product size was 243 bp; for GAPDH, which was used as a standard, the primer sequence was forward 5′-CTTTGGTATCGTGGAAGGACTC-3′ and reverse 5′-GTAGAGGCAGGGATGATGTTCT-3′, and the product size was 132 bp. Amplification conditions were as follows: 95°C for 5 min, followed by 45 cycles at 95°C for 30 s, 53°C for 30 s, and 72°C for 30 s, and lastly, extension at 72°C for 10 min.

Immunohistochemistry
--------------------

Paraffin-embedded samples were cut and mounted on slides. After dewaxed in xylene and rehydrated in graded alcohols, the sections were antigen-retrieved in 10 mM citrate buffer for 10 min at 100°C in a microwave oven and blocked with 5% goat serum for 30 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, and incubated with EGFRvIII antibody overnight at 4°C. Thereafter, sections were incubated with goat anti-rabbit secondary antibody for 30 min at 37°C, and then immunostained with 3,3′-diaminobenzidine and counterstained with hematoxylin. The primary antibodies were replaced with PBS as the negative controls which were processed along with the samples. Afterward, the slides were reviewed by two independent pathologists using a microscope (DM6000 B; Leica, Wetzlar, Germany). Immunohistochemical staining of EGFRvIII was calculated as both percentage of positive cells and color intensity. According to the percentage of the positive cells, the grades were classified as "0" (negative), "1" (\<10%), "2" (10%--50%), and "3" (\>50%). The intensity was scored as follows: "0" (absent), "1" (light yellow), "2" (yellowish brown), and "3" (brown). The expression level of EGFRvIII was evaluated by SI, which was calculated using the following formula: SI = proportion score × intensity score. SI of 0, 1--2, 3--4, and ≥6 was classified as negative (−), low expression (+), medium expression (++), and high expression (+++), respectively.

Cell viability assay
--------------------

U87-EGFRvIII, U87, and HUVEC cells were seeded into 96-well culture plates (5×10^3^ cells/well) and incubated overnight. Meanwhile, the blank group wells were added with 100 μL medium without cells. After 24 h, PBS, QDs, or QD-Apt at different concentrations were added to each group and incubated for 24, 48, and 72 h, respectively. At designated time points, 10 μL of the CCK-8 solution was added to each well and incubated for 2 h. Then, the absorbance values (A450 nm) were measured by a microplate reader (Bio-Rad 680). The cell viability was calculated using the following formula: Viability (%) = (QDs or QD-Apt groups − Blank groups)/(PBS groups − Blank groups) ×100.

Cell fluorescence imaging in vitro
----------------------------------

U87-EGFRvIII, U87, and HUVEC cells were seeded on the coverslips for 24 h in 24-well plates, and then were treated with 10 nM of QDs or QD-Apt for 4 h. For the competition experiment, U87-EGFRvIII cells were simultaneously incubated with QD-Apt and a 10-fold excess of free aptamers. Afterward, these cells were fixed in 4% paraformaldehyde for 20 min, and stained with DAPI for 5 min. A laser scanning confocal microscope was used to observe the fluorescence imaging of those cells. All images were taken under the same parameters, and fluorescence intensities were analyzed by NIS-Elements Viewer software 4.20.

Binding assay by flow cytometry
-------------------------------

U87, U87MG-EGFRvIII, and HUVEC cells were trypsinized and washed twice with PBS. Cells (2×10^5^) were incubated with QDs or QD-Apt at a final concentration of 10 nM in 100 μL PBS at 37°C for 4 h. Then, the cells were washed thrice with PBS, suspended in 200 μL PBS, and analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

Fluorescence imaging in human glioma tissues
--------------------------------------------

Paraffin sections of normal brain and glioma tissues with or without EGFRvIII expression were deparaffinized in xylene and dehydrated in a graded ethanol series. Then, antigen retrieval was performed in citric acid buffer, and nonspecific binding was blocked by incubating with 5% goat serum for 30 min. The sections were incubated with GFAP antibody overnight at 4°C, and then with goat anti-rabbit secondary antibody for 1 h at 37°C. Next, the sections were incubated with QD-Apt or QDs at 37°C for 4 h, and then stained with DAPI for 5 min at room temperature. Finally, a laser scanning confocal microscope was used to observe the fluorescence imaging of those slides.

In vivo toxicity study
----------------------

All animal procedures were approved by the ethics committee of Chongqing Medical University (People's Republic of China) and conducted according to the European Community Council Directive 010/63/UE. Efforts were made to minimize the number of animals used and their suffering. Besides, animals were maintained in accordance with the guidelines of the National Institute of Nutrition. Male C57BL/6 athymic nude mice (6--8 weeks) were administered with either PEG-QDs or QD-Apt via tail vein injection (5 nM). After 1, 7, 14, 21, and 28 days, the weights of mice were recorded, respectively. Moreover, the brain, heart, liver, spleen, lungs, and kidneys were harvested and stained with hematoxylin and eosin for histopathological study using light microscopy (DM6000 B; Leica).

Orthotopic brain glioma model in mice
-------------------------------------

Male nude mice aged 6--8 weeks (Laboratory Animal Center, Medical University of Chongqing) were anesthetized, sterilized, and immobilized on a stereotaxic instrument. A sagittal incision was made to expose the bregma. Then, we drilled a hole in the cranium, which was 2.5 mm right lateral and 0.5 mm anterior to the bregma (right hemisphere). U87 and U87-EGFRvIII glioma cells (1×10^6^/5 μL) were injected at a depth of 3.3 mm from the brain surface, respectively. The needle was slowly pushed in for 10 min, and then withdrawn slowly in another 5 min. Tumor growth was monitored by MRI after 2 weeks.

Biodistribution and targeted imaging of glioma in situ
------------------------------------------------------

Six nude mice bearing U87-EGFRvIII brain tumors were randomly divided into two groups (1 and 2) with three rats in each group. Similarly, another six nude mice bearing U87 brain tumors were randomly divided into two groups (3 and 4) with three rats in each group. In group 1 and group 3, mice were injected with QD-Apt (5 nmol) via the tail vein. In group 2 and group 4, mice were similarly injected with PEG-QDs (5 nmol). After 6 h of circulation, all mice were anesthetized, and NPs-targeted imaging of glioma was performed in vivo (330 nm excitation filter and 605 nm emission filter) using the Living Image System (Maestro EX IVIS; Cambridge Research Instruments, Woburn, MA, USA). Afterward, every mouse was sacrificed and dissected to isolate the tumor, para-tumor, normal brain, heart, liver, spleen, lungs, and kidneys. These tissues (0.1 g) were cut into small pieces and dissolved in RIPA Lysis Buffer. After centrifugation at 12,000 g for 15 min at 4°C, the supernatant (100 μL) was collected to determine the uptake of nano-materials using a fluorescence plate reader.[@b38-ijn-12-3899] Furthermore, the tumors and normal brain tissues were frozen and cut into 10-μm sections. After staining with GFAP antibody, fluorescence-conjugated secondary antibodies (green light), and DAPI (blue light), the sections were observed.

Statistical analysis
--------------------

Statistical analyses were performed by SPSS 19.0. Statistical differences among groups were analyzed by analysis of variance or *t*-test. *P*\<0.05 was considered statistically significant. All data are shown as mean ± standard deviation.

Results
=======

EGFRvIII expression in human glioma tissues and cell lines
----------------------------------------------------------

A total of 120 paraffin-embedded clinical specimens, including 10 normal brains and 60 grade I--II and 50 grade III--IV glioma tissues, were examined by immunohistochemical analysis to determine the clinical relevance of EGFRvIII in human glioma. In accord with other literatures, we discovered that 41.82% of the glioma patients expressed EGFRvIII, while the 10 normal tissues had no expression of EGFRvIII ([Figure 1A](#f1-ijn-12-3899){ref-type="fig"}). The high expression (SI ≥6) rate of EGFRvIII in low-grade glioma was 6.67%; however, it was 18.00% in high-grade glioma, and there was a significant difference between the rates (*P*\<0.001).

In addition, to detect the expression of EGFRvIII in HUVEC, U87, and U87-EGFRvIII cell lines, Western blot, RT-PCR, and immunofluorescence analysis were performed. The results demonstrated that there was no expression of EGFRvIII in HUVEC and U87 cells. In contrast, U87-EGFRvIII showed a strong positive expression of EGFRvIII ([Figure 1B--D](#f1-ijn-12-3899){ref-type="fig"}).

Characteristics of QD and QD-Apt
--------------------------------

A schematic representation of the preparation of QD-Apt nanoprobe and its recognition of EGFRvIII is shown in [Figure 2A](#f2-ijn-12-3899){ref-type="fig"}. The NP sizer indicated that the sizes of QD-Apt were slightly increased compared with QD, but all of their sizes were about 20 nm ([Figure 2B and C](#f2-ijn-12-3899){ref-type="fig"}). When the aptamer was conjugated to SA-QDs by the biotin-streptavidin cross-linking technique, fluorescence intensity was not significantly changed ([Figure 2D](#f2-ijn-12-3899){ref-type="fig"}). Photoluminescence measurement revealed that the maximum luminescence wavelength of both QD and QD-Apt was 605±5 nm, and their absorption peak was observed at 330 nm ([Figure 2E](#f2-ijn-12-3899){ref-type="fig"}). To identify whether SA-QDs and biotin-aptamer conjugated, electrophoresis was performed. As [Figure 2F](#f2-ijn-12-3899){ref-type="fig"} shows, the velocity of QD-Apt NP was obviously faster than that of QD as QD-Apt had a larger charge-to-mass ratio than QD, which suggested that biotinylated aptamer and streptavidin-QD had been connected.

Targeting of bioprobe NPs to glioma cell lines in vitro
-------------------------------------------------------

To investigate the characteristics of nanoprobes for tumor targeting in vitro, we used QD and QD-Apt to label the cells and then observed them with a laser scanning confocal microscope. After 4-h incubation with U87-EGFRvIII, the nanoprobes were found to bind to cytomembrane and be uptaken into the cellular cytoplasm ([Figure 3A](#f3-ijn-12-3899){ref-type="fig"}). However, in U87 and HUVEC cells, no expression of EGFRvIII and no significant fluorescence signal were detected, regardless of whether the cells were incubated with QD or QD-Apt. Besides, the fluorescence intensity was blocked effectively when a 10-fold excess of free A32 was added ([Figure 3D](#f3-ijn-12-3899){ref-type="fig"}). Furthermore, flow cytometry was used to validate the labeling effect of the bioprobes, and the results showed that the U87-EGFRvIII incubated with QD-Apt had a high labeling rate (81.53%) which was much higher than the other groups ([Figure 3F](#f3-ijn-12-3899){ref-type="fig"}).

Fluorescence imaging in human glioma tissues
--------------------------------------------

QDs and QD-Apt were used to label the normal brain tissues, EGFRvIII(−) glioma tissues, and EGFRvIII(+) glioma tissues which had been identified by IHC. We discovered that QD-Apt was specially bound to the EGFRvIII(+) glioma tissues. On the contrary, both the normal brain tissues and EGFRvIII(−) glioma tissues were not labeled with QD or QD-Apt ([Figure 4A](#f4-ijn-12-3899){ref-type="fig"}). Based on the above results, we can draw a conclusion that QD-Apt can specially recognize and bind to EGFRvIII(+) glioma tissues.

Biodistribution and targeted imaging of glioma in situ
------------------------------------------------------

Orthotopic glioma models were used to examine the targeting effect of QD-Apt. After 2 weeks of establishing the model, all the mice were evaluated by MRI ([Figure 5A](#f5-ijn-12-3899){ref-type="fig"}). At 4 weeks of tumor development, a whole-body fluorescence imaging was performed in all mice. After tail vein injection of QDs or QD-Apt for 6 h, the mice were monitored by the IVIS Imaging System ([Figure 5B](#f5-ijn-12-3899){ref-type="fig"}). Intriguingly, the mice harboring U87-EGFRvIII tumor administered with QD-Apt (group 1) had strong fluorescence signals in tumor areas, while the group administered with QDs (group 2) had no obvious fluorescence signals in the tumor region. In addition, the mice bearing U87 tumors (groups 3 and 4) had no significant fluorescence in tumor areas, regardless of whether they were administered with QD-Apt or QDs. Further, a quantitative analysis of the fluorescence intensity in the tumor regions was performed in each group, and the results suggested that the tumors in group 1 mice exhibited a remarkable fluorescence intensity in contrast with the normal brain tissues, while the other groups exhibited no significantly different fluorescence between the tumors and the normal brain tissues ([Figure 5C](#f5-ijn-12-3899){ref-type="fig"}). Moreover, the brains were dissected from mice in group 1 and compared with the corresponding fluorescence imaging picture. As [Figure 5D](#f5-ijn-12-3899){ref-type="fig"} shows, the outline of brain tumor was consistent with that of the fluorescence imaging displayed. In addition, IHC was used to determine the expression of EGFRvIII in the tumors and normal brain tissues of mice. There was a strong expression of EGFRvIII in the mice bearing U87-EGFRvIII tumors, while no expression of EGFRvIII was seen in the mice bearing U87 tumors ([Figure 5E](#f5-ijn-12-3899){ref-type="fig"}). Besides, tumors, para-tumors, normal brain tissues, and other organs were dissected from mice, and their fluorescence intensity was measured. The results suggested that the QD-Apt predominantly accumulated in the tumors (EGFRvIII(+)), liver, and kidneys, and low levels were observed in the para-tumor, normal brain, spleen, heart, and lungs ([Figure 5F](#f5-ijn-12-3899){ref-type="fig"}).

Furthermore, the tumors were frozen and cut into 10-μm sections. Thereafter, the sections were stained with DAPI and then observed by a fluorescence microscope. As shown in the [Figure 6A](#f6-ijn-12-3899){ref-type="fig"}, the group 1 mice had a clear boundary between the tumors and the normal brain tissues. Moreover, the frozen sections of the tumors and the normal brain tissues were labeled with GFAP and DAPI. The normal astrocytes and glioma cells were recognized by GFAP (green), while QD-Apt (red) was only observed in U87-EGFRvIII tumors ([Figure 6B](#f6-ijn-12-3899){ref-type="fig"}).

Safety evaluation of QDs and QD-Apt
-----------------------------------

The biological safety of QDs in vitro and in vivo is prerequisite for its application. To detect the toxicity of the nanoprobe, CCK-8 was applied to evaluate the cell viability of HUVEC, U87, and U87-EGFRvIII cells after treatment with various concentrations of QD-Apt for 24, 48, and 72 As [Figure 7A](#f7-ijn-12-3899){ref-type="fig"} shows, an unremarkable cytotoxicity was exerted by the nanoprobes at concentrations varying from 0.1 to 100 nM. Further, short- and long-term toxicity was detected in vivo. A total of 12 nude mice were randomly divided into three groups (n=3), and groups 1, 2, and 3 were administered with saline, PEG-QDs, and QD-Apt via tail vein injection, respectively. The body weight was recorded after injection at 1, 7, 14, 21, and 28 days. The results showed that the body weights of the three groups of mice were not significantly different ([Figure 7B](#f7-ijn-12-3899){ref-type="fig"}). Then, the mice were sacrificed, and their major organs (brain, heart, liver, spleen, lungs, and kidneys) were collected to analyze the pathologic changes. The results revealed that no tissue damage, necrosis, or inflammation was observed among the three groups of mice ([Figure 7C](#f7-ijn-12-3899){ref-type="fig"}).

Discussion
==========

Surgical resection is crucial to improve the prognosis of patients with low- or high-grade gliomas,[@b3-ijn-12-3899]--[@b6-ijn-12-3899] and hence, maximum safe resection becomes tremendously important. However, it is difficult to resect low- and high-grade gliomas due to their propensity to infiltrate deep into surrounding parenchyma. Therefore, a technique that can allow visualizing the boundary of tumors in order to realize the maximum safe resection and protect the normal brain tissues is urgently needed. Firstly, we need to search for a biomarker which is expressed only in tumors but not in normal tissues. EGFRvIII had been detected in gliomas,[@b24-ijn-12-3899] lung cancer,[@b39-ijn-12-3899] breast cancer,[@b40-ijn-12-3899] squamous cell carcinoma of the head and neck,[@b41-ijn-12-3899] and colorectal cancer,[@b42-ijn-12-3899] but not in normal tissues. In this study, we also validated that EGFRvIII is a tumor-specific antigen; in other words, it is only expressed in tumors but not in normal tissues. Hence, EGFRvIII is an ideal target to treat gliomas. Secondly, similar to many pharmaceuticals, the antibody EGFRvIII cannot cross the BBB due to its large sizes. Therefore, a small molecule which can penetrate the BBB and specially bind to EGFRvIII is needed. Aptamers are oligonucleotides (DNA or RNA) that are developed through an in vitro selection process known as SELEX, and can bind to a wide range of target molecules with a high affinity and specificity. Compared with an antibody, an aptamer has many advantages including lower immunogenicity, thermal stability, ease of modification, higher specificity, smaller size, and lower production cost.[@b34-ijn-12-3899] A32, which was first discovered by Tan et al,[@b36-ijn-12-3899] can specially bind to EGFRvIII protein and is applied as a bioprobe in this study. Thirdly, a material with prominent fluorescent properties and a small size was indispensable in this study. Compared with conventional fluorescent materials, QDs have prominent advantages. However, the toxicity of QDs is an important concern. Nevertheless, QDs with a CdSe core and a ZnS shell, coated with PEG, can not only greatly decrease the toxicity but also show little interaction with tissue constituents and bind to the target more efficiently.[@b17-ijn-12-3899],[@b43-ijn-12-3899] In correspondence with other studies, we confirm that the QDs and QD-Apt was nontoxic and exhibited optimal biocompatibility. Moreover, studies have validated that the safe dose of QDs was 1 μM in vitro and 15 nM in vivo, which was higher than the concentrations used in this study.[@b44-ijn-12-3899],[@b45-ijn-12-3899] Lastly, biotinylated A32 was conjugated with streptavidin-PEG-CdSe/ZnS QDs, and a nanoprobe (QD-Apt) was synthesized. QD-Apt possessed a small size (22 nm), and its fluorescence properties did not change significantly compared with QDs. Applications of many pharmaceuticals and imaging agents are limited by their inability to cross the BBB due to their large sizes. QD-Apt was only about 20 nm in diameter, and small enough to cross the BBB, which was demonstrated in mice using Living Image System in this study. Moreover, accumulated literature reports that the PEGylated NPs which are larger than our nanoprobe can pass the BBB.[@b38-ijn-12-3899]

QD-Apt was applied to label the EGFRvIII in vivo and in vitro in this study. The results suggested that QD-Apt could not only specially bind to the glioma cell lines expressing EGFRvIII but also connect to the EGFRvIII(+) glioma tissues with a high specificity in vitro and exhibit strong fluorescence intensity. Therefore, QD-Apt can be applied to detect the EGFRvIII in tumor tissues and as an alternative to IHC. It has been reported that the technique of QD-IHC spectral imaging is more sensitive than conventional IHC.[@b46-ijn-12-3899] In this study, QD-Apt also exhibited excellent performance in gliomas imaging in vivo. QD-Apt was injected via tail vein which then traversed the BBB and remained in circulation for a long period. The U87-EGFRvIII xenograft tumors were labeled with bright fluorescence, and the boundaries of tumors were visualized clearly in situ, which might guide the surgeons to implement the maximum safe resection for gliomas. Moreover, the QD-Apt can also be applied in diagnosis, and pre- and postoperative examination of gliomas. Likewise, the QD-Apt can also be applied to other tumors expressing EGFRvIII, such as lung cancer, breast cancer, and squamous cell carcinoma of the head and neck. Although a number of studies have reported that QDs were used to visualize the gliomas, there still remained some shortcomings. Gd-DOTA-Ag~2~S QDs were used to image the gliomas by diffusion, but they lacked specific targeting ability and led to low specificity and efficacy.[@b19-ijn-12-3899] A QD-labeled aptamer GBI-10, which can specially bind to tenascin-C, was used as a nanoprobe for imaging glioma cell lines in vitro.[@b47-ijn-12-3899] However, due to poor specificity and lack of verification in vivo, its clinical application was limited. Therefore, the QD-Apt which we engineered can be considered an ideal nanoprobe for imaging gliomas due to its high specificity, nontoxicity, strong fluorescence, and effective traverse of BBB. However, every bean has its black. The QD-Apt can only be applied to the tumors expressing EGFRvIII.

In this study, we combined the advantages of PEG-QDs with the superiorities of aptamers and engineered a nano-probe (QD-Apt) with fascinating performances. Glioma cells, human brain glioma tissues, and animals were administered with the nanoprobe. Based on the results, QD-Apt exhibited a strong fluorescence signal and specially bound to EGFRvIII protein in vitro and vivo. Moreover, QD-Apt can allow visualizing the boundary of tumors clearly in orthotopic brain tumor mice bearing U87-EGFRvIII gliomas, and so, it can help the surgeons realize the maximum safe resection of gliomas. Therefore, this nanoprobe (QD-Apt) can be viewed as a novel prospect for the molecular diagnosis, image-guided surgery, and postoperative examination of gliomas.
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**Abbreviations:** EGFRvIII, epidermal growth factor receptor variant III; IHC, immunohistochemistry; RT-PCR, reverse transcription-polymerase chain reaction; DAPI, 4′,6-diamidino-2-phenylindole; QD-Apt, QD-labeled aptamer.](ijn-12-3899Fig1){#f1-ijn-12-3899}

![Characterization of QD and QD-Apt. (**A**) Schematic representation of functionalized QD probe (QD-Apt) targeting tumors. (**B**) The size of hydrated particles of QD and QD-Apt (n=3). (**C**) Quantitative analysis of QD and QD-Apt: the size of QD-Apt was slightly larger than that of QDs (n=3, \**P*\<0.01). (**D**) Fluorescent intensity of QD and QD-Apt. Fluorescence spectra of QD and QD-Apt in aqueous solution. (**E**) Absorption spectra and emission peak of nanoparticles. (**F**) Electrophoresis of nanoparticles.\
**Abbreviations:** QD, quantum dot; QD-Apt, QD-labeled aptamer; PEG, polyethylene glycol; EGFRvIII, epidermal growth factor receptor variant III.](ijn-12-3899Fig2){#f2-ijn-12-3899}

![QD-Apt specially target EGFRvIII in cell lines. (**A**) The fluorescence imaging of QD and QD-Apt (red) and DAPI-stained nuclei (blue) was observed by a laser scanning confocal microscope, and then the photos of red light and blue light were merged (Merge). Probe: QD and QD-Apt. (**B**) Furthermore, semi-quantitative analysis of the fluorescence intensity in various cells was analyzed by NIS-Elements Viewer 4.20 (n=3, \*\*\**P*\<0.001 versus U87-EGFRvIII treated with QD-Apt). (**C**) The labeling rates among each groups were analyzed by semi-quantitative analysis (n=3, \*\*\**P*\<0.001 versus U87-EGFRvIII incubated with QD-Apt). (**D**) Competition experiment with natural ligand. A32 + QD-Apt: U87-EGFRvIII cells were simultaneously incubated with QD-Apt and a 10-fold excess of free A32. (**E**) Amplification of the pictures which the white arrows pointed. (**F**) Flow cytometry was used to examine the labeling rates of nanoprobes. The scale bar values are 100 μm. All pictures are magnified 200×.\
**Abbreviations:** QD-Apt, quantum dot-labeled aptamer; EGFRvIII, epidermal growth factor receptor variant III; QD, quantum dot; DAPI, 4′,6-diamidino-2-phenylindole; A32, aptamer 32.](ijn-12-3899Fig3){#f3-ijn-12-3899}

![Targeted fluorescence imaging of human brain glioma tissues in vitro using QD-Apt. (**A**) Nanoprobes targeted to human brain glioma tissues (1= DAPI: stained nuclei, 2= GFAP: stained gliocyte including glioma, 3= nanoprobes: targeted to EGFRvIII, 4= merge: the three pictures were merged into one picture). (**B**) Semi-quantitative analysis of fluorescence intensity for human brain glioma tissues incubated with nanoprobes was performed by NIS-Elements Viewer 4.20 (n=3, \*\*\**P*\<0.001 versus EGFRvIII(+) gliomas incubated with QD-Apt). (**C**) Amplification of the pictures from which the white arrows point. All pictures are magnified 400×.\
**Abbreviations:** QD-Apt, quantum dot-labeled aptamer; DAPI, 4′,6-diamidino-2-phenylindole; EGFRvIII, epidermal growth factor receptor variant III; QD, quantum dot.](ijn-12-3899Fig4){#f4-ijn-12-3899}

![Effects of QD-Apt on tumor imaging and body distributions in vivo. (**A**) MRI was used to assay the formation of tumor after 10 days (red arrow). (**B**) After injection of QDs or QD-Apt via tail vein for 6 h, the mice were fluorescently imaged by IVIS Imaging System (n=3; 1= U87-EGFRvIII, QD-Apt; 2= U87-EGFRvIII, QDs; 3= U87, QD-Apt; 4= U87, QDs). The red circles indicate the tumor regions. (**C**) Quantitative analysis of fluorescence intensity of the tumor regions (red circle) in the four groups by Living Image 4.5 (n=3, \*\**P*\<0.01 versus group 1). (**D**) Fluorescence imaging and anatomic brain of group 1; the red outline indicates the tumor region. (**E**) The expressions of EGFRvIII in the modeling mice tumors were examined by IHC. (**F**) The distributions of nanoprobes in various organs were detected by a fluorescence plate reader (n=3; 1= U87-EGFRvIII, QD-Apt; 2= U87-EGFRvIII, QDs; 3= U87, QD-Apt; 4= U87, QDs). The mice of group 1 and group 2 were bearing U87-EGFRvIII tumors, while the mice of group 3 and group 4 were bearing U87 tumors. In addition, The mice of group 1 and group 3 were administered with QD-Apt, while the mice of group 2 and group 4 were administered with QDs. The scale bar values are 100 μm. All pictures are magnified 200×.\
**Abbreviations:** QD-Apt, quantum dot-labeled aptamer; MRI, magnetic resonance imaging; QD, quantum dot; EGFRvIII, epidermal growth factor receptor variant III; IHC, immunohistochemistry.](ijn-12-3899Fig5){#f5-ijn-12-3899}

![Targeted fluorescence imaging of glioma in vivo using QD-Apt. (**A**) The frozen sections of tumors stained with DAPI, which delineated the boundary of tumors (1= QDs or QD-Apt; 2= DAPI; 3= merge). White line and arrow, border and direction of glioma, respectively. (**B**) The frozen sections of tumors stained with DAPI and GFAP (n=3; 1= DAPI; 2= GFAP; 3= nanoprobes; 4= merge). (**C**) Semi-quantitative analysis of the fluorescence intensity of mice glioma tissues (n=3, \*\*\**P*\<0.001 versus U87-EGFRvIII tumors incubated with QD-Apt). All fluorescence images were acquired with a laser scanning confocal microscope under the same condition and displayed under the same scale (200×).\
**Abbreviations:** QD-Apt, quantum dot-labeled aptamer; DAPI, 4′,6-diamidino-2-phenylindole; QD, quantum dot; EGFRvIII, epidermal growth factor receptor variant III.](ijn-12-3899Fig6){#f6-ijn-12-3899}

![Safety evaluation of nanoprobes. (**A**) HUVEC, U87, and U87-EGFRvIII cells were incubated with 0.1, 1, 10, 20, and 100 nM QDs or QD-Apt, respectively, and the cell viability was observed at 24, 48, and 72 h (n=3). (**B**) After being injected with QDs, QD-Apt, and saline, the weight of mice was measured at 1, 7, 14, 21, and 28 days (n=3). (**C**) Histology analysis (H&E staining) of the organs in the mice treated with saline and nanoprobes, respectively. All images were acquired under the same scale (Scale bars 100 μm, magnification 200×).\
**Abbreviations:** EGFRvIII, epidermal growth factor receptor variant III; QD, quantum dot; QD-Apt, quantum dot-labeled aptamer; H&E, hematoxylin and eosin.](ijn-12-3899Fig7){#f7-ijn-12-3899}
